1. Introduction {#sec1}
===============

The natural substances contain many active compounds, which makes them appropriate for use in different domains, including corrosion inhibition. These substances act either by blocking the active corrosion sites or by forming a film on the metal surface or by forming insoluble complexes on the metallic surface \[[@bib1], [@bib2], [@bib3], [@bib4]\].

Recently, the bio-sourced polymer extracted from plants has been the subject of several researches in the field of corrosion inhibition to protect iron in different corrosive media. It was found that these substances have a remarkable inhibiting efficiency. Their usefulness is due to the fact that they are ecological and non-toxic compounds \[[@bib5], [@bib6], [@bib7]\].

One of the areas in which green chemistry, often applied to biomass-derived products, offers novelty in terms of reducing negative environmental and waste impacts \[[@bib8]\]. Metal material degradation has generally been resolved by the use of environmentally friendly organic compounds. Aggressive solutions, such as acid solution, are widely used in the process industries to take away deposited scales from metal surfaces during the production, procedure and storage phases \[[@bib9]\].

In aim to valorize the Galactomannan extract from *Ceratonia siliqua* L, we are used it as a corrosion inhibitor to improve the resistance of the iron, and to minimize the aggressive attack of 1M HCl medium using the electrochemical measurements (polarization measurements and impedance spectroscopy tests) and theoretical study (DFT and molecular dynamic). The protective effect was confirmed by analyzing the surface morphology of iron with and without inhibitor in 1 M HCl solution using the SEM coupled with EDS.

2. Experimental techniques {#sec2}
==========================

2.1. Biopolymer extraction from Moroccan carob {#sec2.1}
----------------------------------------------

The carob used in this study is of Moroccan origin. The pods were crushed, and the seeds were manually separated.

### 2.1.1. Isolation of the unpurified biopolymer {#sec2.1.1}

In order to obtain gum of high quality and white color, an acidic treatment was used for decortication, consisting of maceration of 100 g of H~2~SO~4~/H~2~O sulphuric acid seeds (60%/40%) for 60 min at 60 C in a preheated water bath when regularly stirring \[[@bib10], [@bib11]\]. Intensive cleaning and brushing was achieved via a 2 mm metal sieve to avoid the carbonated hull. The dehulled seeds were then soaked overnight in distilled water to enlarge, allowing the germs to be manually isolated from endosperms. They were then washed and dried in the oven at 105 C for 4--5 h, eventually; Endosperms were then milled for the manufacture of raw, unpurified locust bean gum using a laboratory miller. Due to the high temperature increases experienced during the phase, the consistency of powdered, unpurified LBG relies on the milling process that sometimes darkenes the powder. Milling operation determined the size and color of the final product. The color and the size of the particles also indicate impurities \[[@bib12]\].

### 2.1.2. Solubilization of the biopolymer {#sec2.1.2}

To control the microbiological of the unpurified powder, it was washed with acetone and ethanol using a sintered (no.3) \[[@bib13]\]. Then, 1.3g of unpurified powder was solubilized in 100 ml of distilled water at room temperature for 2 h under gently stirring \[[@bib14]\] and kept at 252 K for overnight. Afterward, the solutions were heated at 353 K in water bath for 30 min with continuous agitation. After cooling the solution, a centrifugation step is necessary (1hour, 10000rpm, 253K) in order to eliminate the insoluble matter \[[@bib15]\].

The last step was collecting the superior party of the solution, which contains the solubilized biopolymer.

### 2.1.3. Purification of the biopolymer {#sec2.1.3}

The purified galactomannan has been produced by precipitation with isopropanol. Through removing impurities and endogenous enzymes, this procedure removes all unwanted raw LBG flavors and offers a cleaner and more stable solution. Galactomannan was precipitated by pouring more than two volumes of isopropanol from the crude LBG solution allowing the mixture to stand for 30 min. White fibrous matter has been collected and screened through a tube, and isopropanol and acetone washed twice. The resultant friable solid was crushed into a fine powder after a 48-h freeze-drying phase \[[@bib12]\].

2.2. Characterization of the Moroccan biopolymer {#sec2.2}
------------------------------------------------

### 2.2.1. Elementary analysis {#sec2.2.1}

The elemental analysis was performed by using multi EA-5000.

### 2.2.2. Spectroscopic analysis (FTIR) {#sec2.2.2}

Measurements by FTIR were carried out using an FTIR, Bruker Spectrum instrument. The dried polysaccharide was scattered on ATR-A225 diamond. The FTIR spectra (50 scans, 4cm^−1^resolution) were unregistered at room temperature in the wave-numbers range of 500--4000 cm^−1^ at room temperature.

2.3. Iron chemical composition {#sec2.3}
------------------------------

The chemical composition (weight percent) of the electrode (coupon iron) is given in [Table 1](#tbl1){ref-type="table"} \[[@bib3]\].Table 1The iron substrate Chemical composition used in this study.Table 1ElementsSiMnCPSFeW~t~ %0.20.5190.1570.0070.009Balance

2.4. Electrochemical analysis {#sec2.4}
-----------------------------

The electrochemical, analysis was evaluated using a three electrode cell, the working electrode (WE) is an iron disc with a surface area of 1cm^2^. The reference electrode is a saturated calomel (KCl saturated) electrode and the counter electrode is platinum.

Each experiment is previous by polishing the working electrode with emery papers of increasing grain size from 600 to 1500 to obtain a smooth and shiny surface. Then, it is cleaned with distilled water and dried with hot air. These analyses were performed using a Potentiostat type Bio Logic SP-200 device controlled by a computer equipped by EC-LAB software \[[@bib16]\], the experiments were replicated three times.

The corrosive medium is a 1M hydrochloric acidic, prepared diluted concentrated acid (HCl, 37%) in distilled water.

### 2.4.1. Potentiodynamic polarization {#sec2.4.1}

The WE was immersed in the solution for 0.5 h to reach the equilibrium potential. Then, the anodic and cathodic polarization curves are recorded with 1 mV/s rate scanning. This speed allows getting as close as possible to the steady-state conditions of the studied system.

### 2.4.2. Electrochemical impedance spectroscopy {#sec2.4.2}

The electrochemical impedance spectroscopy (EIS) study was carried out using a 10mV amplitude signals in the frequency spectrum interval from 100 kHz to 0.10 Hz at open circuit potential (OCP).

The recording of EIS spectra begins after 30 min of immersion. Then, the impedance data were analyzed by the EC-LAB software \[[@bib17]\].

The following equation was used to determine the inhibition efficiency at various concentrations of the inhibitor:$$\text{E\ \%} = \frac{\text{R}_{\text{P}} - \text{R}_{\text{P}0}}{\text{R}_{\text{P}}} \times 100$$$\text{R}_{\text{P}}\text{and\ R}_{\text{P}0}$ are the polarization resistances with and without the inhibitor, respectively \[[@bib18]\].

2.5. UV-visible analysis {#sec2.5}
------------------------

UV-visible analysis of the solution (1M HCl + 1 g/l of the inhibitor) was evaluated to identify the interactions between molecules of inhibitor and the orbits vacates of iron atoms. The spectrum from 200 nm to 800 nm was registered before and after immersion of the sample at 298 K for 48 h using a Jenway ultraviolet-visible spectrophotometer (series 67).

2.6. Surface analysis {#sec2.6}
---------------------

The morphology of the working electrode surface was examined with a scanning electron microscope (SEM) model FEA 450 and the surface characterization was evaluated by X-ray flash (model 6130 Bruker brand) with an acceleration voltage of 20 KV. After 24 h of immersion time in the presence and absence of the inhibitor.

2.7. Quantum computation {#sec2.7}
------------------------

### 2.7.1. DFT {#sec2.7.1}

In order to investigate the quantum chemical property of the biopolymer, Gaussian 03W software \[[@bib19]\] was used to perform the quantum chemical calculations. Geometry optimization and energy calculation were carried out using the Becke-type three-parameter hybrid DFT approach in conjunction with the Lee, Yang and Parr (B3LYP) gaussian blur-corrected correlation function in combination with the 6 311 G (d, p) base set \[[@bib20]\].

### 2.7.2. DMol3 method {#sec2.7.2}

The optimization of structure the inhibitor molecule was carried out using the DMol3 method (by Materials Studio version 2017 software, noted MS2017).

### 2.7.3. M D simulation {#sec2.7.3}

The quantum simulation of the molecule was performed using a simulation box with periodic limit conditions using MS2017 ([Table 2](#tbl2){ref-type="table"}).Table 2Molecular dynamics simulation conditions.Table 2PlaneThicknessMilleNumber of water moleculesSimulation time at 298 °KNVT assembly and COMPASS force field11015.5 Âa = b = 37.236 Å, c = 7.155 Å50500 ps

Using the adsorption and binding energies calculated by Eqs. [(1) and (2)](#fd2){ref-type="disp-formula"}, surface metallic-molecule interactions can be evaluated in the simulation system.$$\text{E}_{\text{ads}} = \text{E}_{\text{T}} - \left( {\text{E}_{\text{Su} + \text{Sol}} + \text{E}_{\text{inh} + \text{sol}}} \right) + \text{E}_{\text{sol}}$$$$\text{E}_{\text{ads}} = \text{E}_{\text{bind}}$$with E~T~ is the total energy of the system and **E**~**Su+Sol**~ represents the total energy of the surface of the $Fe_{110}$ and the solution without inhibitor. On the other hand, **E**~**inh+sol**~ represents the total energy of the Fe surface ($Fe_{110}$) and **E**~**sol**~ is the energy of the solution without inhibitor.

The Fe~110~ was chosen because it has the lowest surface energy and has more number of adsorption sites. In addition to this, Fe~110~ surface was also chosen as a model for exploring the anticorrosive mechanism of corrosion inhibitors in conventional molecular dynamics simulations \[[@bib21]\].

3. Results and discussion {#sec3}
=========================

3.1. Biopolymer extraction {#sec3.1}
--------------------------

The yield of purified galactomannan is 52%. This percentage is important compared to other works. Dakia et al found a yield of 43%, likewise Neukom et al and Herald et al whose performance varied between 42% and 46% with the same shelling method \[[@bib22]\]. This gap in yield can be due to the fact that carob biopolymer extraction from whole seeds varies based on the origin of the plants, extraction method, and growing conditions of the carob tree \[[@bib22]\].

3.2. Characterization of the biopolymer {#sec3.2}
---------------------------------------

### 3.2.1. Elemental analysis {#sec3.2.1}

The elemental analysis shows that the purified biopolymer of the carob tree seeds contains the following atoms oxygen (57.02%), carbon (36.34%), and hydrogen (6.64%). This result is conformed to the galactomannan atoms structure.

### 3.2.2. Spectroscopic analysis (FTIR) {#sec3.2.2}

The [Figure 1](#fig1){ref-type="fig"} illustrates the FTIR spectrum of biopolymer extracts from seeds of Moroccan\'s carob.Figure 1FT-IR spectrum of the Galactomannan extract from the carob seeds.Figure 1

The FTIR spectrum analysis shows the presence of the bond\'s characteristic functional groups of biopolymer structure:

The presence of an intense wide bonds 3200-3500 cm^−1^ is attributed to the elongation vibration of hydroxyl groups (-OH) which is characteristic of biopolymer as well as to the water absorption \[[@bib15]\]. Low bonds of asymmetric vibration of the C--H links are observed between 2800 and 3000 cm^−1^ \[[@bib11]\]. In addition, the FTIR spectrum exhibits the presence of characteristic bonds 2800-3000 cm^−1^, 1550-1650cm^−1^ and 1050-1120cm^−1^ corresponding to the aliphatic, carboxylate function and carbohydrate functions, respectively \[[@bib23], [@bib24]\]. To the aliphatic function, carboxylate function and carbohydrate function \[[@bib25]\].

3.3. Study of the inhibitory effect of biopolymer {#sec3.3}
-------------------------------------------------

### 3.3.1. Gravimetric measurements {#sec3.3.1}

The following histogram presents the evaluation of inhibitor efficiency as a function of the concentration of the inhibitor tested (see the [Figure 2](#fig2){ref-type="fig"}).Figure 2Evaluation of the inhibitor efficiency as a function of the Galactomannan concentration.Figure 2

The results show that the efficacy of inhibition decreases with increased concentration of inhibitors in the corrosive solution. It reached a maximum value of 87.72% at 1 g/l of the inhibitor. Hence, this research shows a good protective effect of galactomannan against iron corrosion in an acidic environment.

### 3.3.2. Electrochemical measurements {#sec3.3.2}

#### 3.3.2.1. OCP {#sec3.3.2.1}

The curves of the OCP as a function of time of iron immersed in an acidic medium (HCl 1M) in the absence and presence of the Galactomannan are presented in [Figure 3](#fig3){ref-type="fig"}.Figure 3Variation of the open circuit potential (OCP) of the iron in the acidic medium without and with different concentration of the Galactomannan.Figure 3

The variation of the OCP indicates that the steady state of the electrochemical system establishes at -480 mV/SCE in case of the blank and at -510 mV/SCE in the presence of 1 g/l of the galactomannan after 15 min.

The alterations of these OCP values in the presence of the inhibitor can be justified by the adsorption of the molecules of the inhibitor on the electrode surface. The EIS and potentiodynamic polarization measurements were realized after the steady state of the OCP.

#### 3.3.2.2. Anodic and cathodic polarization curves (LP) {#sec3.3.2.2}

Upon 30 min of immersion in 1 M HCl solution, the cathodic and anodic polarization curves were performed with and without varying concentrations of inhibitor. The curves of cathodic and anodic polarization are shown in [Figure 4](#fig4){ref-type="fig"}.Figure 4The anodic and cathodic plots of the iron electrode in the 1M HCl solution with and without the various concentration of the Galactomannan.Figure 4

In the case of the blank, the corrosion potential is -471.20 mV/SCE. This potential shift toward more negative values in presence of the galactomannan with a decrease in the cathodic current densities following the Tafel variation region due to the reduction of H^+^. The cathodic reaction was schematic by the following equation:

In the anodic branch, four potential zones are observed, the first zone is next to the corrosion potential E~corr~ = -471.2 mV/SCE as an exponential variation. The second zone is located between the potentials -480 mV/SCE and -380 mV/SCE, it is a pseudo-passivation plateau present. Afterwards a trans-passivation zone has appeared in a potential range between -380 and -300 mV/SCE. Finally, the film remains stable especially for a concentration of 1 g/l.

The following reaction corresponding to the anodic dissolution of the metal:

The electrochemical parameters of the polarization curves are reported in the [Table 3](#tbl3){ref-type="table"}:Table 3The electrochemical parameters of the polarization curves of an iron electrode in a 1M HCl solution without and with different concentration of the Galactomannan.Table 3Concentrations (g/l)-E~corr~ (mV/SCE)i~corr~ (mA/cm^2^)-βc (mV/dec)βa (mV/dec)E (%)Blank471.20 ± 0.10.242 ± 0.001269.7 ± 0.569.7 ± 0.6--0.25474.68 ± 0.20.052 ± 0.002228.5 ± 0.673.3 ± 0.478.3 ± 0.20.50493.01 ± 0.20.049 ± 0.001152.4 ± 0.466.8 ± 0.579.6 ± 0.20.75505.83 ± 0.10.043 ± 0.002150.7 ± 0.483.3 ± 0.682.1 ± 0.21.00517.94 ± 0.10.032 ± 0.001114.2 ± 0.377.3 ± 0.286.6 ± 0.2

The current density values indicate that the oxidative dissolution of the electrode in the anodic section and the hydrogen reduction in the cathodic section were both weaker in the presence of the inhibitor. We also note that the inhibition efficiency increase with the increasing of the inhibitor concentration and this value reached 86.6% for a concentration of 1 g/l. This is due to the inhibitory film adsorption, which is reinforced by corrosion products on the metal surface and give it resistance against dissolution. In addition, the Cl^**-**^ ions has an important role in adsorption between the positive charge of inhibitor and the metallic surface charged positively.

#### 3.3.2.3. Electrochemical impedance spectroscopy (EIS) {#sec3.3.2.3}

The electrochemical impedance diagrams with and without of different concentrations of the inhibitor intended to complete the understanding of the corrosion and inhibition mechanisms \[[@bib24], [@bib26], [@bib27], [@bib28], [@bib29]\] of iron in HCl 1M solution.

The Nyquist and Bode diagrams of iron immersed in 1M HCl solution with and without inhibitor concentrations after 30 min of immersion are presented in the following figures (Figures [5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}).Figure 5Nyquist diagrams of iron immersed in 1M HCl solution without and with different concentrations of the Galactomannan.Figure 5Figure 6Bode diagrams of iron immersed in 1M HCl solution without and with different concentrations of the Galactomannan, (a) phase versus Log (Freq), (b)Module lZl versus Log (Freq).Figure 6

[Figure 5](#fig5){ref-type="fig"}, shows that the capacitive loop\'s diameter increase proportional with the concentrations of the inhibitor. This type of diagram generally indicates the charge transfer process controls the corrosion reaction. In fact, the Bode diagram detects only one time constant ([Figure 6](#fig6){ref-type="fig"}), and the same behavior is observed for all concentrations.

The modeling of these diagrams by the EC-Lab software led us to propose the following equivalent electrical circuit ([Figure 7](#fig7){ref-type="fig"}).Figure 7Equivalent electrical circuit of iron immersed in 1M HCl solution without and with different concentrations of the Galactomannan.Figure 7

According to the electrochemical parameters determined by the equivalent circuit is summarized in the following table ([Table 4](#tbl4){ref-type="table"}).Table 4The electrochemical parameters derived from Nyquist diagrams of an iron electrode in a 1M HCl solution without and with different concentration of the Galactomannan.Table 4Concentrations (g/l)R~e~ (Ω.cm^2^)R~t~ (Ω.cm^2^)CPE (mF.n^−1^)αC~dl~ (mF)E (%)Blank0.5 ± 0.168.5 ± 0.20.368 ± 0.0020.70 ± 0.02152.5 ± 0.2--0.251.3 ± 0.1341.7 ± 0.20.245 ± 0.0030.71 ± 0.020.917 ± 0.00380 ± 0.10.501.3 ± 0.1360.1 ± 0.20.210 ± 0.00150.73 ± 0.010.802 ± 0.00181 ± 0.20.751.4 ± 0.1446.6 ± 0.10.141 ± 0.0040.79 ± 0.020.672 ± 0.00484 ± 0.11.001.4 ± 0.1490.4 ± 0.20.131 ± 0.0050.78 ± 0.010.625 ± 0.00586 ± 0.2

Based on the obtained results, the resistance of the metal is higher in the presence of 1 g/l of the inhibitor (490.4 Ω) than in the case of the blank (68.5 Ω), which indicate a best inhibition behavior. The efficiency has reached a value of 86 % for concentration of the 1 g/l.

3.4. Immersion time effect {#sec3.4}
--------------------------

The evolution of electrochemical impedance spectroscopy diagrams at different immersion times of the iron electrode in a 1M HCl acidic medium in the presence of biopolymer at 1 g/l is displayed in [Figure 8](#fig8){ref-type="fig"}:Figure 8Electrochemical impedance diagrams at different immersion times of an iron electrode in a 1M HCl solution in presence of the inhibitor (1 g/l).Figure 8

The obtained result shows that the electrochemical impedance diagrams maintain the same shape observed in the effect of the concentration study at the different immersion time. We note an increase in the size of the loop with the increase of immersion time. This is explained by the reinforcement of the barrier layer formed on the metal surface over time.

3.5. Adsorption isotherm {#sec3.5}
------------------------

To know more about adsorption of the inhibitor molecules several types of isotherms adsorption were tested: Langmuir, Temkin, and Frumkin.

The isotherms adsorptions are described by the following equations:•$\frac{C_{inh}}{\theta} = \ \frac{1}{K_{ads}} + \ C_{inh}\mspace{58mu}\text{Langmuir}\ \text{adsorption}$•$\left( \frac{\text{θ}}{1 - \text{θ}} \right)e^{- 2a\text{θ}} = \ K_{ads}C_{inh}\quad\text{FrumKin}\ \text{adsorption}$•$e^{- 2a\text{θ}} = \ K_{ads}C_{inh}\mspace{63mu}\text{Temkin}\ \text{adsorption}$

[Figure 9](#fig9){ref-type="fig"} shows the adsorption isotherms plotted at 298 K from the values obtained with the LP curves and EIS diagrams.Figure 9Adsorption isotherms obtained for iron in 1 M HCl solution in the presence of 1 g/L of the GalaThe analysis of these adsorption isotherms shows that the ratio C~inh~/θ variation (isotherm Langmuir) as a function of inhibitor concentration is linear. This behavior indicates that the adsorption of inhibitor molecules on the iron surface in the HCl 1 *M media* approaches the adsorption isotherm of the Langmuir. Hence, inhibition of corrosion is due to the formation of a monolayer on the electrode surface, which limits access to electrolytes.Figure 9

The parameters of the adsorption isotherm are determined by the following equation $\Delta\text{G}_{\text{ads}}^{0} = - \text{RTLn}\left( {55.5.\text{K}} \right)\ $ and reported in [Table 5](#tbl5){ref-type="table"}.Table 5Langmuir adsorption isotherm parameters.Table 5Test− Δ$\mathbf{G}_{\mathbf{ads}}^{\mathbf{o}}$(Kcal.mol^−1^)K~ads~ (M^−1^)R^2^SlopeLP24.2617.860.991.1167SIE25.1125.190.991.1306

The negative values of G suggest spontaneous adsorption on an electrode surface of inhibitor molecules and good interaction between inhibitor molecules and the metal surface \[[@bib30], [@bib31], [@bib32]\]. Generally, the $\mathbf{\Delta}\mathbf{G}_{\mathbf{a}\mathbf{d}\mathbf{s}\ }^{\mathbf{o}}$ value of -20 kJ/mol or less indicates an electrostatic interactions, this process is named physisorption; those that are more negative than -40 kJ/mol involve the sharing or electron transfer from the inhibitor molecules to the metallic surface to form a type of coordinated bond (chemisorption) \[[@bib33], [@bib34]\]. The $\Delta\text{G}_{\text{ads}}^{\text{o}}$ values obtained for biopolymer (-24.26 kJ/mol for LP and -25.11 kJ/mol for SIE) likely mean that the metal surface adsorption process could be due to physisorption and chemisorption at the same time as the electrostatic interactions predominate \[[@bib35], [@bib36]\]. It is a complex phenomenon of interactions. Indeed, according to the literature \[[@bib37], [@bib38]\], It should also be noted that the high K~ads~ values refer to high adsorption might indicate that biopolymer is a good inhibitory effect.

3.6. UV-visible analysis {#sec3.6}
------------------------

The aim of UV-visible analysis is to identify the interaction surface metallic-inhibitor molecules. [Figure 10](#fig10){ref-type="fig"} presents the UV-Visible spectrum of the solution before and after immersion in solution (1M HCl+1 g/l of the inhibitor).Figure 10UV-visible spectrum for solution (1 M HCl +1 g/l inhibitor) before and after 48h of immersion of iron substrate.Figure 10

It would seen from the spectra those two peaks, the first between 200 nm and 280nm attributed to π-π∗ transition and the second between 280 nm and 400 nm attributed σ--π transitions of the oxygen atoms \[[@bib39]\]. It is noted that the spectrum after immersion, the adsorption peak 310 nm move to 328 nm. This bathochromic shift suggests a formation of the inhibitor-metal complex in acidic solution by transfer of the charges between the sites of the inhibitor molecules having a high electron density and vacuum d orbital of iron. As a result, UV-visible spectra confirm the adsorption capacity of the polysaccharide on the surface of iron and thereby a formation of Fe--inhibitor complex film on the surface metallic \[[@bib40], [@bib41]\].

3.7. Surface analysis {#sec3.7}
---------------------

The surface analysis was performed using the SEM technique coupled with the EDS elemental analysis to estimate the morphology of the surface of the iron substrate in 1M HCl solution.

The SEM micrographs and EDS spectra corresponding to the iron substrate after 24 h of immersion in 1M HCl solution, in the absence and in the presence of a concentration of 1 g/l of biopolymer are shown in [Figure 11 (a, b, c)](#fig11){ref-type="fig"} respectively.Figure 11SEM micrograph and EDS spectrum of the iron substrate: (a): The iron surface. (b): The iron surface in case of the blank (HCl 1M). (c): The iron surface in solution with inhibitor.Figure 11

From [Figure (11](#fig11){ref-type="fig"}b), it is noted that the SEM micrograph revealed in the absence of the inhibitor a severe attack by aggressive solution compared to the SEM micrographs in [Figure (11](#fig11){ref-type="fig"}a, c) on the surface of the iron studied. The EDS spectrum shows characteristic peaks of the iron substrate and a high presence of oxygen atoms (oxide of iron). In addition, a completely different situation was detected in the presence of the inhibitor.

The visualization of the SEM micrograph from [Figure (11](#fig11){ref-type="fig"}c) shows that the metal surface remains intact. In addition, the metal surface of the electrode is smooth. This may be related to the establishment of the inhibitor film on the metal surface. This is confirmed by the analysis of the EDS spectrum, which signals a less intense oxygen peak.

These results confirm the high inhibition efficiency values obtained by electrochemical and gravimetric measurements that can be attributed to the effective protection of the galactomannan as inhibitor by the formation of an inhibitor film on the surface of the iron substrate.

3.8. Theoretical calculations {#sec3.8}
-----------------------------

### 3.8.1. DFT result {#sec3.8.1}

Theoretical parameters were performed using the functional density theory method. The distribution of the HOMO and the LUMO orbital is a critical tool to predict the capacity adsorption of the inhibitor molecules. The ability of molecule to share their electron with others orbital vacant is indicated by high energy (E~HOMO~) and the low energy (E~LUMO~).

From the distribution of the inhibitor\'s HOMO and LUMO frontier orbital ([Figure 12](#fig12){ref-type="fig"}), it is clear that the distribution of HOMO and LUMO density is located on the oxygen atoms, these sites are responsible for giving electrons to the metal surface \[[@bib42]\]. The differences between E~LUMO~ of Galactomannan and E~HOMO~ of iron (E2) and vice versa (E1) were therefore determined and shown in [Figure 12](#fig12){ref-type="fig"}. Analysis of [Figure 12](#fig12){ref-type="fig"} revealed that E~2~ was greater than E~1~, indicating that Galactomannan is better an electron donor than an electron receptor. Therefore, the ability to inhibit corrosion of Galactomannan could be compared on the basis of the electron donation capability. Both the facts suggested that the Galactomannan would primarily control the inhibition capability. The bonds between the Galactomannan and the Iron could be formed by sharing the electrons donated by the Galactomannan; however, The Galactomannan will play a key role in that. Bond formation is also possible through back donation (iron-donated electron), especially in Galactomannan as E~1~ is closely related to E~2~. Overall, the preliminary examination of the Galactomannan by DFT calculations has proposed that Galactomannan could act as corrosion inhibitor for mild steel.Figure 12(a) distribution of the frontiers orbitals (HOMO and LUMO) of the inhibitor and ESP and (b) Schematic illustration of the Iron-Galactomannan interactions.Figure 12

The ionization energy and electron affinity were determined by the following equations:$$I = - E_{HOMO}$$$$A = - E_{LUMO}$$

The obtained results ([Table 6](#tbl6){ref-type="table"}) indicate that the ionization energy reached a value of 5.427 eV, therefore; the electron affinity attended a value of 0.708 eV. In addition, the value of the gap energy (ΔEgap) equal 4.719 eV, it is the lowest value, which can explain the good protective property of the inhibitor. Indeed, the value of charge transfer ΔN which indicates the ability of a molecule to share its electrons with the metal is ΔN = 0.833. This value suggests the highest capacity of the molecular matrix to donate electrons to the metallic surface.Table 6Quantum parameters of the inhibitor.Table 6Quantum parametersE~HOMO~ (eV)E~LUMO~ (eV)ΔE~gap~ (eV)ΔNValues-5.427-0.7084.7190.833

### 3.8.2. Distribution of the Mulliken atomic charge and dipole moment {#sec3.8.2}

The Mulliken atomic charge distribution presents the nucleophilic and electrophilic attack sites. The [Figure 13](#fig13){ref-type="fig"} shows the direction of the dipole moment and the Mulliken atomic charges of the biopolymer atoms.Figure 13(a): Milliken atomic charges for the Galactomannan atoms (b): Direction of the dipole moment.Figure 13

Based on this result, we conclude that the nucleophilic and electrophilic sites were the carbon and oxygen atoms \[[@bib36]\].

### 3.8.3. Simulation by MD {#sec3.8.3}

In order to determine the best adsorption configuration, the optimization of the adsorption of molecule inhibitor was performed. The result of this calculation was presented in [Figure 14](#fig14){ref-type="fig"}.Figure 14Optimization energy of biopolymer in neutral forms.Figure 14

From the figure, the optimum energy has reached less than -3241.32 Ha.

To study the energy fluctuation interactions between the inhibitor molecule, the metallic surface and the water molecules were calculated using simulation by MD to optimize the entire $Fe_{110}$/inhibitor/H~2~O system.

The distribution of the adsorption energy for "$Fe_{110}$/inhibitor/H~2~O" in the solution of the hydrochloric acid by the model of the adsorption localization is given in [Figure 15](#fig15){ref-type="fig"}.Figure 15Distribution of adsorption energy of the $\text{Fe}_{110}$/inhibitor/H2O system.Figure 15

The inhibitor molecules energy is equal to -256000 cal/mol, this signifies an important tolerance of the adsorption capacity on the metallic area \[[@bib43]\].

The [Figure 16](#fig16){ref-type="fig"} presents the distance between the inhibitor molecule and the electrode surface.Figure 16Radial distribution of molecule on the surface Fe~110~ in solution.Figure 16

According to the RDF calculation result, the first peak at 2.5 Å indicates chemisorption interactions and for the peaks above 3.5 Å are associated to the physical interactions, that explain the capacity of the biopolymer to stop the dissolution of metal by the ability of the biopolymer molecules to give his electrons to the metal and vice versa. This result conformed to the isotherm adsorption result \[[@bib41], [@bib42]\].

### 3.8.4. MD result {#sec2.8.4}

The lateral and Up views of the most stable low energy for the best adsorption configuration of the inhibitory molecule adsorption are presented in the [Figure 17](#fig17){ref-type="fig"}.Figure 17Lateral and Up views of the adsorption ($Fe_{110}$/Biopolymer/H~2~O) and density distribution.Figure 17

Examination of the [Figure 17](#fig17){ref-type="fig"}, indicate that the biopolymer flatly adsorbed on the metallic surface and covered a large area of the electrode \[[@bib44], [@bib45]\]. The parameters are given in [Table 7](#tbl7){ref-type="table"}.Table 7Module results of the adsorption location for the two lowest adsorption configurations for the $Fe_{110}$/biopolymer/H~2~O system (all values are expressed in Kcal.mol^−1^).Table 7StructuresTotal energyAdsorption energyRigid adsorption energyDeformation energyH~2~O dE~ads~/dNiBiopolymer dE~ads~/dNiH~3~O^+^ dE~ads~/dNiCl^-^dE~ads~/dNiFe ~(1\ 1\ 0)~- 1-1.10E+04-1.23E+04-1.10E+04-1.27E+03-2.63557655-257.4564402-116.2745507-97.73692956Fe ~(1\ 1\ 0)~- 2-1.10E+04-1.23E+04-1.10E+04-1.27E+03-2.32852099-257.5146105-111.9941413-101.2981867Fe ~(1\ 1\ 0)~- 3-1.10E+04-1.23E+04-1.10E+04-1.27E+03-2.38070454-257.5646012-108.1556461-98.07148263Fe ~(1\ 1\ 0)~- 4-1.09E+04-1.22E+04-1.10E+04-1.27E+03-2.65901238-253.2580086-119.431887-94.93615438Fe ~(1\ 1\ 0)~- 5-1.09E+04-1.22E+04-1.09E+04-1.27E+03-2.56776181-246.2822784-112.6300862-121.9286112Fe ~(1\ 1\ 0)~- 6-1.09E+04-1.22E+04-1.09E+04-1.27E+03-2.64790532-263.1975541-114.8186211-123.0942572Fe ~(1\ 1\ 0)~- 7-1.09E+04-1.22E+04-1.09E+04-1.27E+03-2.67669919-243.4711702-107.4778163-118.3733126Fe ~(1\ 1\ 0)~- 8-1.09E+04-1.22E+04-1.09E+04-1.27E+03-2.37155126-247.9988459-110.1802914-112.4768141Fe ~(1\ 1\ 0)~- 9-1.09E+04-1.22E+04-1.09E+04-1.27E+03-2.55320196-240.1172149-109.4516229-121.8911257Fe ~(1\ 1\ 0)~- 10-1.09E+04-1.22E+04-1.09E+04-1.27E+03-2.40380421-258.4377035-113.7561265-101.4365418

In addition, the basic superposition error (BSSE) was used to correct the E~ads~ on the metallic of the $Fe_{110}$ with the water molecule. The energy for adsorption is provided by formula 3 \[[@bib46]\].$$\text{E}_{Ads} = E_{(\frac{Fe_{110}}{\text{Galactomannan}/\text{H}_{2}\text{O}})} - \left( E_{\text{Galactomannan}} - E_{Fe_{110}} - E_{H_{2}\text{O}} \right)$$

Adsorption energy is defined as the algebraic addition of rigid adsorption energy (R.A.E.) and deformation energy (DE) for adsorbed components. The rigid adsorption energy, therefore, reports the released energy (Kcal/mol) when the unreleased adsorbate macromolecular matrix is released, before the geometry optimization step that is adsorbed on the iron surface ($Fe_{110}$) in the presence of 900 water molecules. While the deformation energy (DE) reports the energy released (Kcal/mol) when adsorbed molecules of the Galactomannan is released on the Fe surface ($Fe_{110}$). [Table 7](#tbl7){ref-type="table"} also gives the desorption energy (dE~ads~/dN~i~) which reports the energy of the substrate-adsorbate configuration where one of the adsorbed components has been removed \[[@bib47]\].

From [Table 7](#tbl7){ref-type="table"}, it is clear that the values of the adsorption energies are negative, which means that adsorption of the inhibitor studied could occur spontaneously \[[@bib48]\]. The high adsorption energy (-12300 Kcal.mol^−1^) of the inhibitor molecule indicates that the adsorption of the inhibitory macromolecular matrix on the Fe surface ($Fe_{110}$) is adsorbed by involving the displacement of the H~2~O molecules on the iron surface and sharing of electrons between the heteroatoms in the biopolymer inhibitor and the Fe surface ($Fe_{110}$). This gives the possibility of formation of coordination binding (vacant n-orbital) resulting from the overlapping of electrons (3d) of the iron atom and the free doublet of oxygen atoms.

The high values of the inhibitor\'s adsorption energies are due to parallel adsorption and the existence of a pair of electrons on the heteroatoms, promoting greater adsorption on the Fe surface ($Fe_{110}$). Metal surface protection is done by strong adsorption of the molecular and by preventing it from being freely rusted \[[@bib49]\].

4. Conclusion {#sec4}
=============

In this work, the galactomannan extracted from carob seeds and characterized by elemental analysis and FTIR analysis. The corrosion inhibition effect of biopolymer against iron corrosion in 1M HCl medium was studied by electrochemical methods and theoretical study (DFT and Molecular Dynamics) conformed that:•Inhibition efficiency improves with increasing inhibitor concentrations and achieves a highest value of 87.7% for a concentration of 1g/l in biopolymer. In addition to acting as a mixed inhibitor with a mainly cathodic character, the immersion time test also shows that the protective effect of biopolymer increases with increased immersion time.•The adsorption of biopolymer compounds on the iron surface assumes the isotherm of Langmuir.•Surface analysis using SEM/EDS confirms the high inhibition efficiency values that can be attributed to the effective protection of the inhibitor by the formation of an inhibitor film on the iron surface.•UV-Vis spectroscopy measurements approve the complexation capacity of the biopolymer with metal surface.•Theoretical calculations imply that oxygen atoms may serve as adsorption sites linking the molecule and the iron. Molecular simulation reveals that the biopolymer can be adsorbed on the iron surface in a closely paralleled way with O--Fe bonds by physisorption and chemisorption at the same time with a high proportion of electrostatic interaction that confirms the result obtained in the isotherm adsorption studies and experimental techniques.
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